Background: Bone-resorbing osteoclasts express the Siglec-15 receptor on their plasma membrane. Results: Siglec-15 antibodies inhibit osteoclast differentiation and induce receptor endocytosis and degradation. Conclusion: These results establish that Siglec-15 antibodies target osteoclasts in vivo and reveal a likely mechanism of action. Significance: Siglec-15 could serve as a target of novel therapeutics for osteoporosis and cancer-associated bone loss.
Skeletal homeostasis in adults requires the balanced activities of two critical cell types: bone-forming osteoblasts and bone-resorbing osteoclasts. Pathological conditions such as osteoporosis and cancer-associated bone loss involve a shift in this equilibrium to favor osteoclastic bone destruction. Osteoclasts differentiate from common monocyte/macrophage precursors in response to the critical cytokine receptor activator of NF-B ligand (RANKL). 2 As the sole cells able to digest miner-alized bone, multinucleated osteoclasts are functionally and morphologically unique. Thus, there is potential to identify proteins that are uniquely expressed on the osteoclast cell surface, in particular for development of highly targeted antibodybased therapeutics for bone loss (1) .
Using the STAR subtractive cloning technology (2), we identified sialic acid binding immunoglobulin-like lectin-15 (Siglec-15) as an mRNA transcript highly up-regulated in mature osteoclasts compared with their non-differentiated precursor cells (3) . The Siglecs are a family of type I transmembrane proteins that are distinguished by N-terminal immunoglobulin-like domains that bind to sialylated glycoconjugates and are typically expressed in subsets of hematopoietic cell types (4) . We examined the importance of Siglec-15 in tissue culture models of osteoclastogenesis and found that RNAi-mediated knockdown of Siglec-15 expression impaired RANKL-induced differentiation of primary human osteoclast precursors (HOPs) and the mouse RAW264.7 cell line (3) . A recent study reported the overexpression of Siglec-15 in giant cell tumors of the bone, which are characterized by abundant osteoclast-like cells, and in agreement with our results, the authors observed dramatic up-regulation of Siglec-15 mRNA in differentiating HOPs and RAW264.7 cells (5) . The effect of Siglec-15 RNAi on osteoclast differentiation has since been independently confirmed in mouse bone marrow macrophages (6) . Importantly, we also found that, besides osteoclasts, Siglec-15 mRNA expression is nearly absent from a panel of normal human tissues (3) . Together, these results showed that Siglec-15 is an osteoclastspecific Siglec that could be targeted to inhibit bone resorption; thus, we proceeded to generate monoclonal antibodies against Siglec-15 that were tested as potential therapeutic candidates.
The Siglec receptors can influence intracellular signaling by two general mechanisms (7) . First, the relatively short cytoplasmic domain found in several Siglecs contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which can recruit phosphatases to inhibit cell signaling (8, 9) . Second, certain Siglecs contain a distinctive positively charged residue within their transmembrane domains that can interact with the trans-*All authors are current or former employees of Alethia Biotherapeutics. membrane immunoreceptor tyrosine-based activation motif (ITAM)-bearing co-receptors, such as DAP12 (10, 11) . DAP12 serves as a signaling module for a variety of immune receptors by recruiting the kinase Syk and other signaling molecules upon ligand binding to associated receptors (12, 13) . Siglec-15 contains both a cytoplasmic ITAM as well as a lysine residue in its transmembrane region that permits interaction with DAP12 upon co-overexpression (14) . This combination of activating and inhibitory motifs implies that the signaling effects of Siglec-15 are complex. However, a variety of studies have revealed the diverse cellular roles of other members of the Siglec family. These include the modulation of signaling through other immunoreceptors (e.g. CD22) (15) , the formation of cell-cell contacts (e.g. sialoadhesin) (16) , and possibly the recognition of sialic acid moieties on pathogens, similar to pattern-recognition receptors (e.g. Siglec-H) (17) .
Here, we report that monoclonal antibodies targeting Siglec-15 effectively inhibit osteoclast activity in vitro and in vivo. We proceed to characterize the molecular function of the Siglec-15 protein in osteoclasts, including its expression, subcellular localization, and role in cell signaling. These studies reveal that DAP12-dependent signaling requires clustering of Siglec-15 on the osteoclast cell surface, whereas antibody-induced dimerization leads to its endocytic down-regulation. These findings have shed light on the mechanism of action of these candidate therapeutic antibodies.
EXPERIMENTAL PROCEDURES
Antibodies-Monoclonal antibodies against human Siglec-15 were generated using a phage-display technology (Alere San Diego, San Diego, CA). A library of antigen binding fragments (Fabs), expressed recombinantly in Escherichia coli, were screened by ELISA for Siglec-15 binding, and several individual clones with diverse immunoglobulin variable chain sequences were selected for further characterization. The heavy and light immunoglobulin chain variable regions of these Fabs were cloned into expression vectors encoding corresponding human immunoglobulin constant regions and full chimeric antibodies were produced by transient transfection of these constructs in 293-6E cells. Certain monoclonals, including E09 and B02, were subsequently subcloned into other vectors to express full mouse antibodies. Humanized forms of the Siglec-15 antibodies were also generated using a computational approach at the National Research Council Biotechnology Research Institute (Montreal, Quebec). All antibodies were purified from 293-6E supernatants by Protein A affinity chromatography; Protein A elution buffer (0.2 M glycine, pH 2.0) was exchanged for PBS prior to antibody storage. For the current study, we used chimeric forms of Siglec-15 antibodies E06 and E10, respectively, for all immunoprecipitation and Western blotting applications. The mouse form of B02 was used for the in vivo experiments, and humanized E09 and B02 were used, as indicated, for cellbased assays.
Other antibodies were purchased from Cell Signaling (monoclonal anti-ERK, monoclonal anti-phospho-ERK (Thr-202/ Tyr-204), polyclonal anti-Akt, polyclonal anti-phospho-Akt (Ser-473)), U.S. Biological Corp. (polyclonal anti-mouse-DAP12) and the Developmental Studies Hybridoma Bank (monoclonal anti-LAMP2, clone GL2A7). Human and mouse IgG, used as non-targeting control antibodies, were from Innovative Research.
Cell Culture-For osteoclast differentiation, RAW264.7 cells (ATCC, Manassas, VA), grown in DMEM containing 10% fetal calf serum (Invitrogen) and 1 mM sodium pyruvate, were scraped and resuspended in PBS. Cells were plated at 2 ϫ 10 4 cells/cm 2 in media containing 100 ng/ml of mouse RANKL (R&D Systems, Minneapolis, MN). Cells were allowed to differentiate for 3 (for immunofluorescence microscopy) or 4 days (for all other experiments). HOPs (CD14 ϩ peripheral blood mononuclear cells) were isolated from normal human peripheral blood mononuclear cells (AllCells, Emeryville, CA) using CD14 microbeads and MS columns (Miltenyi Biotec, Cologne, Germany) following the manufacturer's instructions. HOPs were plated at 3.1 ϫ 10 5 cells/cm 2 in ␣-MEM (Invitrogen) containing 10% fetal calf serum (HyClone), 1 mM sodium pyruvate (HyClone), 25 ng/ml of human macrophage colony-stimulating factor, and 30 ng/ml of human RANKL (R&D Systems). Cells were allowed to differentiate for 7 or 10 days, with half of the media replaced every 3-4 days.
RT-PCR-RAW264.7 cells were treated with RANKL in 12-well plates as described above. After 1, 2, 3, and 4 days, total RNA was isolated. RNA was also prepared from control cells grown for 1 day in the absence of RANKL (non-differentiated). cDNA was prepared from 1 g of RNA using ThermoScript reverse transcriptase and random hexamer primers (Invitrogen). PCR amplification using gene-specific primers was performed using HotStarTaq (Qiagen). Primer sequences were as follows (forward and reverse, respectively): Siglec-15, 5Ј-GCC-CACGATCGCTATGAGAG-3Ј and 5Ј-GGAAGCGGAACA-GGTAGACG-3Ј, integrin ␤3, 5Ј-GCAAGCTTACTAGCAA-CCT-3Ј and 5Ј-CATCAGACAGGACTCCCAC-3Ј, DC-STAMP, 5Ј-AGAGGAGAAGTCCTGGGAGTC-3Ј and 5Ј-AAGGCAGA-ATCATGGACGAC-3Ј, Cathepsin K, 5Ј-TCTCTCGGCGTTT-AATTTGG-3Ј and 5Ј-TCTGCTGCACGTATTGGAAG-3Ј, tartrate-resistant acid phosphatase (TRAP), 5Ј-TTCCAGGAGACC-TTTGAGGA-3Ј and 5Ј-GTAGGCAGTGACCCCGTATG-3Ј, GAPDH, 5Ј-GTCAAGGCTGAGAACGGGAAG-3Ј and 5Ј-GACGGCAGGTCAGGTCCAC-3Ј, NFATc1, 5Ј-CGAGATCA-CCTCCTACCTG-3Ј and 5Ј-CCATTGAGACTGTACTTGCG-3Ј, and OSCAR, 5Ј-ACTCCTGGGATCAACGTGAC-3Ј and 5Ј-GATAGCACATAGGGGGCAGA-3Ј.
Cell Stimulation-For cell stimulation with single antibodies, differentiation media was replaced with fresh growth media (without RANKL) containing the indicated antibody concentrations before lysing the cells at various times. For stimulations with primary and secondary (cross-linking) antibodies, differentiation media was replaced with cold growth media containing the primary antibody at 10 g/ml, and cells were incubated 20 min at 4°C. Media was then replaced with warm growth media containing goat anti-human IgG polyclonal antibody (Jackson ImmunoResearch, West Grove, PA) and cells were incubated for the indicated times at 37°C before lysis.
Preparation of Cell Lysates and Immunoprecipitation-Cell lysates were prepared using mRIPA lysis buffer (50 mM Tris/ HCl, pH 7.4, 1% Nonidet P-40, 0.25% deoxycholate, 150 mM NaCl) containing protease and phosphatase inhibitors (50 mM NaF, 1 mM NaVO 4 , and 1ϫ Roche Complete EDTA-free phosphatase inhibitors). Lysate protein concentrations were measured by BCA assay (Pierce). For Western blotting of total cell lysates, equal amounts of protein (10 -15 g) were heat-denatured in SDS sample buffer containing ␤-mercaptoethanol, separated on a 10 or 12% SDS-PAGE gel, transferred to PVDF, and probed with the indicated antibodies. For immunoprecipitations, 2 ( Fig. 6A ) or 1 mg ( Fig. 6C ) of total lysates were incubated with 4 g of antibody and 15 l of Protein G-Sepharose beads for 4 h, rotating at 4°C. After washing the beads 4 times with mRIPA, half of the precipitated material was analyzed by Western blotting, as above.
Immunofluorescence-For analysis of Siglec-15 localization in permeabilized cells ( Fig. 1B) , RAW264.7 cells or HOPs were differentiated, as described above, on glass coverslips (No. 1.5) or -Slide chambered coverslips (Ibidi) and fixed in 4% formaldehyde. Cells were permeabilized in 0.1% Triton X-100/PBS, blocked in 1.5% milk/PBS, and incubated with primary antibody (anti-Siglec-15 B02) at 2 g/ml in blocking buffer followed by secondary antibody (donkey anti human-DyLight-488, Jackson ImmunoResearch) diluted 1:300 in blocking buffer. To stain nuclei, coverslips were incubated briefly in propidium iodide (10 g/ml in PBS) prior to mounting using Prolong media (Invitrogen).
For characterization of Siglec-15 intracellular trafficking ( Fig. 7B ), RAW264.7-derived osteoclasts, grown on coverslips as above, were incubated with anti-Siglec-15 B02 or a control human IgG, diluted to 10 g/ml in cold RAW264.7 growth media, for 20 min at 4°C. After this "cold-loading" step, cells were either fixed immediately (as above), or incubated in fresh, warm media (without antibodies) for 10 or 45 min at 37°C prior to fixation. Cells were blocked in PBS, 1% BSA, 0.1% saponin (PBS/BSA/Sap) ϩ 2% goat serum and stained with anti-LAMP-2 diluted 1:20 in PBS/BSA/Sap followed by secondary antibodies (anti-human DyLight-488 and anti-rat rhodamine-X, Jackson ImmunoResearch), diluted 1:300 in PBS/BSA/ Sap. Coverslips were mounted on glass slides using Prolong media.
Osteoclast TRAP Staining and Functional Assays-To test the effect of antibodies on osteoclast differentiation and function, cells were induced to differentiate, as described above, in media containing the indicated concentrations of antibodies. Osteoclasts were visualized after 4 days in culture by TRAP staining: briefly, cells were fixed in 3.7% formaldehyde, permeabilized with 0.2% Triton X-100/PBS, and incubated in TRAP staining buffer (100 mM sodium acetate, pH 5.2, 50 mM sodium tartrate, 0.01% Naphthol ASMX, and 0.06% Fast Red Violet) for ϳ30 min at 37°C. The TRAP enzyme generates a red reaction product in osteoclasts. TRAP levels in osteoclast conditioned media were measured using the BoneTRAP ELISA kit (Immunodiagnostic Systems). To test osteoclast resorption activity, cells were seeded in wells coated with a calcium phosphate substrate (Osteologic, BD BioSciences) and induced to differentiate as above. After 7 days, wells were treated with bleach to remove cells, and areas of substrate resorption were observed by light microscopy.
Schenk Assay (BMD and MicroCT)-All animal procedures were carried out according to animal use protocols approved by the Animal Care Committee (ACC) of Mispro Biotech Services Inc. (Montreal, Quebec) in compliance with the guidelines of the Canadian Council on Animal Care (CCAC). Evaluation of in vivo efficacy was adapted from the methods described by Schenk and co-workers (18) using very young mice that have rapidly growing bones. Briefly, 3-4-week-old male mice (5 animals/group) were treated with PBS, a control mouse IgG, or the mouse B02 Siglec-15 antibody. The antibodies were administered intraperitoneally twice per week for 4 weeks using 26-gauge needles. The mice were sacrificed, blood was collected, and bones were dissected and fixed in 4% paraformaldehyde for 24 h. After washing in PBS, the bones were scanned using a PIXImus Densitometer (GE Medical Systems) to determine the bone mineral density (BMD) of the femurs, tibias, and vertebrae. Analyses of the bone microarchitecture and three-dimensional images of the bones were generated with a SkyScan high-resolution microCT (SkyScan Inc., Kontich, Belgium). Serum was prepared from blood samples and TRAP activity was measured using the MouseTRAP Assay ELISA kit (Immunodiagnostic Systems), following the manufacturer's instructions.
Bone Histomorphometry-Distal femurs were fixed in 4% paraformaldehyde for 48 h and washed in 1ϫ PBS. Bone tissue was dehydrated in graded alcohols (70 -100%), cleared in xylene, and embedded without decalcification in methyl methacrylate resin. Samples were cut into 5-m sections and histochemically stained for TRAP and ALP activity. Three randomly selected regions of interest 500 m below the growth plate within each distal femur were visualized using a Nikon Eclipse 90i microscope and a 10ϫ objective. Image capture was performed using NIS Elements Imaging software (Nikon Inc., Melville, NY). Histomorphometric parameters were determined on the femoral secondary spongiosa at 10ϫ using Adobe Photoshop and ImageJ software as described (19) , following standard procedures published by the ASBMR Histomorphometry Nomenclature Committee (20) .
Biotin Internalization Assay-To biotinylate cell-surface proteins, differentiated RAW264.7-derived osteoclasts were rinsed twice with cold PBS containing 1 mM CaCl 2 and 1 mM MgCl 2 (PBS/calcium/magnesium, HyClone) and incubated with the biotinylation reagent sulfo-NHS-SS-biotin (Pierce), diluted to 1 mg/ml in PBS/calcium/magnesium for 1 h at 4°C. The reaction was stopped by quenching unreacted biotinylation reagent with glycine (100 mM in PBS/calcium/magnesium). To induce Siglec-15 internalization, cells were treated with anti-Siglec-15 B02 or a control human IgG alone or in combination with a secondary cross-linking antibody, as described under "Cell Stimulations." Following antibody treatments, cells were rinsed twice with cold NT buffer (20 mM Tris/ HCl, pH 8.6, 150 mM NaCl, 1 mM EDTA, and 0.2% BSA) and incubated 2 ϫ 25 min with sodium 2-mercaptoethane sulfonate (MesNa), prepared at 25 mM in cold NT buffer, to reduce the disulfide bond of sulfo-NHS-SS-biotin and thereby remove any remaining cell-surface biotin. To gauge the maximum possible level of Siglec-15 biotinylation, this MesNa treatment was omitted for one control (these control cells were incubated 2 ϫ 25 min with NT buffer alone). The remaining MesNa was then quenched with iodoacetamide, diluted to 5 mg/ml in PBS/ calcium/magnesium, for 15 min.
To evaluate the amount of biotinylated Siglec-15 that had been internalized by the osteoclasts, cells were lysed in mRIPA, as described above. Biotinylated proteins were collected by streptavidin pull-down: 250 g of lysate was incubated overnight with 50 l of Dynal MyOne streptavidin beads (Invitrogen), rotating at 4°C. After extensive washing, Siglec-15 was detected in the precipitated material by Western blotting.
Fab Preparation and Analysis-Fab fragments were obtained from antibody B02 by ficin digest using the Mouse IgG1 Fab and F(abЈ) 2 Preparation Kit (Pierce), according the manufacturer's instructions.
The ability of the B02 Fab to bind Siglec-15 on the cell surface was evaluated by FACS. 293-6E cells were transfected with pCDNA3.1-hSiglec-15; this plasmid consists of the full-length human Siglec-15 cDNA cloned between the HindIII and XhoI sites of pCDNA3.1-myc-his-A (a stop codon prevents expression of the myc-His tag). At 24 h post-transfection, 200 l of the indicated concentrations of antibody/Fab, diluted in FCM buffer (PBS, 0.5% BSA), were added to 200,000 cells, resuspended in 50 l of the same buffer. After a 1-h incubation (on ice) and washing with PBS, 200 l of secondary antibody (FITCconjugated anti-mouse light chain-specific polyclonal antibody, Southern Biotech), diluted 1:200 in FCM buffer, was added for 1 h. After an additional washing, cells were suspended in ϳ300 l of FCM buffer, and 4 l of propidium iodide, diluted to 1 mg/ml in PBS, was added just before analyzing cells with a flow cytometer (FACScan, BD Biosciences). Non-viable cells that stained positive with propidium iodide were excluded from analysis.
RESULTS

Expression and Localization of Siglec-15 Protein during
Osteoclastogenesis-Individual clones from a library of monoclonal antibodies generated against the extracellular region of Siglec-15 were evaluated in detail for their performance in various applications. Although for potential therapeutic candidates we selected antibodies that bound the native form of Siglec-15 and had activity on intact cells, we also identified distinct clones that were particularly effective for immunoprecipitation and Western blotting. These reagents have allowed us to elaborate on our previous studies to examine Siglec-15 expression and subcellular localization. We prepared protein lysates from HOP-and RAW264.7-derived osteoclasts as well as from corresponding non-differentiated control cells. As shown in Fig. 1A , by Western blotting, there was a dramatic increase in Siglec-15 protein in both the human and murine differentiated osteoclasts (see Fig. 1A , lanes 2 and 4), in agreement with previous RT-PCR experiments (3, 5) .
We also analyzed Siglec-15 expression in differentiated osteoclasts by confocal microscopy. As shown in Fig. 1, B and C, for through the osteoclast generated by re-slicing a three-dimensional reconstruction prepared from the image stack (the slices were performed along the paths indicated by the blue horizontal and vertical lines). C, human HOP-derived osteoclasts were grown on chamber slides, fixed, and stained with anti-Siglec-15 and DAPI. Analysis by confocal microscopy was performed as described in B. RAW264.7 and HOP cultures, strong Siglec-15 immunofluorescence is observed in multinucleated osteoclasts, and it is evident from cross-sectional slices that Siglec-15 is predominantly localized at the cell surface. RAW264.7 cultures treated for 3 days with RANKL consist of both small (5-10 nuclei) osteoclasts and non-fused precursor cells. Interestingly, all of the multinuclear osteoclasts in these cultures stained strongly for Siglec-15, whereas some, but not all, of the mononuclear cells also expressed the protein (see white arrowheads in Fig. 1B ). In cultures of untreated RAW264.7 cells, no cells stained for Siglec-15 (data not shown).
To investigate further the kinetics of Siglec-15 expression during osteoclastogenesis, we performed RT-PCR analysis of gene expression in RAW264.7 cells treated for 1-4 days with RANKL. RAW264.7 exposed to RANKL begin to fuse to form osteoclast-like cells after 3 days. As shown in Fig. 2 , increased Siglec-15 mRNA is observed prior to cell fusion, at day 2; Siglec-15 is induced with kinetics similar to the osteoclast collagen receptor OSCAR. In comparison, the critical osteoclast transcription factor NFATc1, as well as cathepsin K, TRAP, and DC-STAMP are clearly induced earlier than Siglec-15. Notably, DC-STAMP is an important mediator of osteoclast fusion (21), although its expression is induced after 1 day, well before fusion occurs. In contrast, induction of ␤3 integrin, which is expressed specifically in multinucleated osteoclasts (22) , occurs later than Siglec-15, at day 3. These gene expression results demonstrate that Siglec-15 is not among the genes initially induced by RANKL stimulation and that its expression likely precedes osteoclast precursor fusion, in agreement with our immunofluorescence data.
Siglec-15 Monoclonal Antibodies Inhibit Osteoclast Formation in Vitro and in Vivo-A primary criterion for selecting specific Siglec-15 antibodies as potential therapeutics for bone loss was their ability to inhibit osteoclast differentiation in vitro. Our in vitro assay system consisted of HOPs, which readily differentiate into TRAP positive multinuclear osteoclasts when treated for 7 days with macrophage colony-stimulating factor and RANKL. To assess osteoclast activity, HOPs were differentiated on a bone-like mineralized matrix, which functional osteoclasts are able to digest. We identified several monoclonal antibodies that were effective in this assay, but as shown in Fig.  3A , clone E09 was particularly promising. Under control conditions, HOPs differentiated into large, well spread, TRAP-positive osteoclasts in a RANKL-dependent manner; these osteoclasts actively digested a mineralized calcium phosphate substrate. In the presence of antibody E09, some TRAP-positive cells still formed, but few had more than one nucleus and their morphology was clearly altered (Fig. 3A, top right panel) . Furthermore, their capacity to digest the mineralized substrate was greatly reduced (Fig. 3A, lower right panel) . Notably, as shown in Fig. 3B , when HOPs are allowed to differentiate in the presence of E09 beyond 7 days, they eventually fuse, although their altered morphology relative to normal osteoclasts is still evident. The multinucleated cells formed in the presence of E09 display intense intracellular TRAP staining, but secretion of this enzyme into the culture media is greatly reduced (Fig. 3C ).
Another antibody, designated B02, was selected for its ability to bind to the murine form of Siglec-15 and was tested in the RAW264.7 osteoclast differentiation model. RAW264.7 cells treated with RANKL in the presence of B02 became TRAPpositive but largely failed to fuse ( Fig. 3D ). Together, these results are in agreement with our findings on the inhibitory effects of Siglec-15 RNAi on osteoclastogenesis in RAW264.7 and primary human cells (3) .
To test the physiological importance of Siglec-15 and validate our cell-based results, we tested the monoclonal anti-Siglec-15 antibodies in vivo. For these experiments, we treated 4-week-old mice with the B02 antibody for 4 weeks and assessed the effects of this treatment on the long bones and the vertebrae. Because mice have rapidly growing bones at this age, the perturbation of osteoclast activity by anti-resorptives can provoke a rapid, dramatic increase in BMD in a relatively short period of time. Following the treatment period, the animals were euthanized, the bones were dissected and scanned by densitometry to determine the BMD. As shown in Fig. 4A , compared with a control mouse IgG (IgG (10)), treatment with the anti-Siglec-15 monoclonal antibody resulted in a considerable, dose-dependent increase in BMD in the right femur (Fig. 4A,  left panel) , right tibia (Fig. 4A, middle panel) , and vertebra (Fig.  4A, right panel) of these mice. To further examine the changes in BMD, selected bone samples were scanned using x-ray 
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microtomography (MicroCT) to analyze their microarchitecture. In agreement with the densitometry results, we observed a marked increase in trabecular volume in the femurs and the vertebra of mice treated with the anti-Siglec-15 antibody compared with the control IgG-treated mice (see the representative cross-sectional views of the right femur (upper panels) and the L5 vertebra (lower panels) in Fig. 4B ). In agreement with these qualitative observations, quantitative measurements of the microCT scans (Table 1) confirmed the increase in bone mineral density in the animals treated with the Siglec-15 anti-body. In particular, there were statistically significant increases in bone volume, bone surface, trabecular number, and connectivity density. Conversely, the trabecular separation was significantly decreased, a change that was in line with the increased density of trabecular structures. Overall, the increase in trabecular bone volume (BV/TV) exceeded 55% compared with the vehicle-treated animals. To provide additional confirmation that these changes in bone structure were due to effects on osteoclasts, we analyzed TRAP levels in the serum of these mice by ELISA at the conclusion of the study. As shown in Fig. 4C , MARCH 7, 2014 • VOLUME 289 • NUMBER 10
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there was a significant decrease in osteoclast-specific TRAP 5b (TRAP) activity in the 3 and 10 mg/kg dose groups. Interestingly, histological examination of bone sections from these mice showed that both osteoclast (Fig. 5, A and B) and osteoblast (Fig. 5, C and D) numbers (relative to trabecular bone surface) were increased in the Siglec-15 antibody-treated ani-mals. These in vivo results are consistent with the observed effects of Siglec-15 antibodies on osteoclast differentiation in vitro. In particular, the antibodies delay fusion of osteoclast precursors in vitro, but some TRAP-positive multinucleated cells still eventually form. If the same effect occurs in vivo, the multinucleated cells formed in the presence of Siglec-15 anti- 
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bodies would still be counted as osteoclasts upon histological examination of bone sections.
Siglec-15 Associates with DAP12 in Osteoclasts and Antibodyinduced Clustering Induces Akt and DAP12 Phosphorylation-Although our results established that Siglec-15 is required for formation of functional osteoclasts, the underlying molecular mechanisms remained to be determined. An important clue came from the presence of a lysine residue in the Siglec-15 transmembrane domain (Lys-273), suggesting an interaction with the transmembrane adapter protein DAP12. Indeed, a recent study demonstrated that upon co-overexpression of epitope-tagged forms of Siglec-15 and DAP12 in 293T cells, a complex could be detected, which was dependent on the presence of Lys-273 (14) . We were also able to detect this complex under similar overexpression conditions (data not shown), and we proceeded to determine whether the complex is also present at endogenous expression levels in osteoclasts. Protein lysates were prepared from differentiated RAW264.7derived osteoclasts as well as from non-differentiated control cells, and immunoprecipitations were performed using Siglec-15 and DAP12 antibodies. As shown in Fig. 6A , DAP12 was readily detected in protein complexes precipitated with anti-Siglec-15, and likewise, anti-DAP12 precipitated abundant Siglec-15. As expected, based on Siglec-15 protein expression levels, this complex was highly osteoclast-specific and was not detected in non-differentiated cells. Notably, DAP12 expression was not dramatically altered during RAW264.7 osteoclast differentiation. Another DAP12-associated immunoglobulin-like receptor, TREM-2, is expressed in osteoclasts and is important for their differentiation and activity (23) . We were able to detect a TREM-2⅐DAP12 complex that was present at similar levels in control and differentiated RAW264.7 cells (data not shown), indicating that the abundant Siglec-15⅐DAP12 complexes present in osteoclasts do not reduce TREM-2⅐DAP12 binding.
Previous studies showed that when phosphorylated on its ITAM motif, DAP12 is capable of activating a number of signaling pathways, including PI3K-Akt, PLC␥, and Grb2-Ras-Erk cascades (12) . However, the signaling output of DAP12 in specific contexts is highly dependent on its associated receptor (12) . In the absence of an identified natural ligand or molecular partner for Siglec-15, we used an antibody cross-linking approach to evaluate the ability of Siglec-15 to activate intracellular signaling. Initially, we treated RAW-derived osteoclasts with anti-Siglec-15 for multiple time points up to 30 min but failed to observe any activation of Akt, PLC␥, or ERK (data not shown). However, for several other DAP12-associated receptors, higher-order clustering of the receptor, rather than bivalent antibody-induced dimerization, is required to induce ITAM-dependent signaling (12, 24) . To induce multimerization, we treated cells with a primary Siglec-15 antibody followed by a secondary, cross-linking antibody. Under these conditions, we observed a signaling effect (Fig. 6B, lanes 5, 8, and  11) , with Akt becoming strongly phosphorylated within minutes of secondary antibody cross-linking. Maximum phosphorylation of Akt was achieved after 5 min of treatment with anti-Siglec-15 (Fig. 6B, lane 8) . In contrast, phospho-ERK ( Fig. 6B ) and phospho-PLC␥ (not shown) were not modulated. Consistent with the lack of expression of Siglec-15, there was no activation of Akt in non-differentiated RAW264.7 cells under the same conditions (Fig. 6B, see lanes 1, 4, 7, and 10) . Similarly, substitution of the primary Siglec-15 antibody with a control MARCH 7, 2014 • VOLUME 289 • NUMBER 10
human IgG eliminated the signaling response (Fig. 6B, see lanes  3, 6, 9, and 12) . These results demonstrated that Siglec-15 cross-linking specifically activates Akt without affecting ERK or PLC␥, two other pathways commonly downstream of DAP12 (12, 24) . If induction of cell signaling by Siglec-15 is dependent on the DAP12 ITAM motif, tyrosine phosphorylation of DAP12 should be detectable upon Siglec-15 clustering. To test this, we immunoprecipitated DAP12 and evaluated its phosphorylation by Western blotting (Fig. 6C) . In RAW264.7-derived osteoclasts stimulated with primary/secondary antibodies to cross-link Siglec-15 (as described above), we detected tyrosinephosphorylated DAP12 at 12 kDa (Fig. 6C, lane 5) . In nondifferentiated cells treated in the same manner or osteoclasts treated with a control human IgG, little or no DAP12 phosphorylation was detected. Notably, although abundant Siglec-15 was co-precipitated with DAP12 from the differentiated osteoclasts (as expected), no phosphotyrosine signal was detected at its molecular mass (37 kDa), indicating that phosphorylation of the cytoplasmic tyrosine residue of Siglec-15, part of its putative ITAM, is not involved in the signaling response (data not shown). Thus, our results are consistent with DAP12 acting as a signaling module for Siglec-15; DAP12 becomes phosphorylated following Siglec-15 clustering, likely leading to recruitment of signaling molecules to its ITAM motif and activation of the Akt pathway.
Siglec-15 Is Internalized and Degraded following Antibody
Ligation-The ability to mediate endocytosis of bound ligands and antibodies is a common feature of several members of the Siglec family; indeed, the cellular uptake of therapeutic antibodies is a critical aspect of the mechanism of action of antibody-drug conjugates targeting the CD22 and CD33 Siglecs (4). Interestingly, Siglec-15 also contains a YXX⌽ sequence in its cytoplasmic domain (this tyrosine, Tyr-309, is also part of the putative ITAM, discussed above); YXX⌽ motifs can interact with the clathrin adapter AP-2 to regulate receptor internalization (14, 25) . Thus, we investigated the effect of antibody ligation on Siglec-15 endocytosis in osteoclasts.
We first tested whether a Siglec-15 antibody, either alone or in combination with a secondary cross-linking antibody, could induce internalization of Siglec-15, labeled with biotin, from the surface of RAW264.7-derived osteoclasts. After the antibody stimulation, any remaining cell-surface biotin was released by treatment with a reducing agent. Cells were then lysed, and internalized biotinylated proteins were collected with streptavidin beads. Siglec-15 was detected in the precipitated material by Western blotting. Interestingly, we found that treatment with Siglec-15 antibody alone induced substantial internalization compared with a control human IgG (Fig. 7A,  compare lanes 7 and 8) , whereas addition of a secondary antibody to induce receptor clustering, which is required for acti- (lanes 1, 2, and 5) . As additional controls, some cells were lysed immediately after primary antibody incubation (lane 3) and for others, the secondary antibody was omitted from the 37°C incubation media (lane 4). Protein extracts were prepared, and DAP12 immunoprecipitates were analyzed by blotting with anti-phosphotyrosine, anti-DAP12, and anti-Siglec-15 antibodies.
Siglec-15 Monoclonal Antibodies as Osteoclast Inhibitors
vation of Akt signaling, had less of an effect than the single antibody (Fig. 7A, lane 5) .
We proceeded to characterize the antibody-induced endocytosis of Siglec-15 by immunofluorescence microscopy. RAW264.7derived osteoclasts, growing on glass coverslips, were cold-loaded with anti-Siglec-15 diluted in normal growth media at 4°C, conditions that should permit antibody binding but not endocytosis. Cells were then fixed immediately or incubated in antibody-free warm media for different times prior to fixation. As expected based on the distribution of Siglec-15 in fixed, permeabilized osteoclasts ( Fig. 1B) , in intact osteoclasts, cold-loaded Siglec-15 antibodies bound strongly at the cell surface (Fig. 7B, left panel) . After a 10-min incubation at 37°C, the staining pattern was clearly altered: Siglec-15 antibodies were present in internal punctae that are likely endosomes (Fig. 7B, center panel) . This rapid internalization is in excellent agreement with our biotinylation assay results described above (Fig. 7A ). Although after 10 min the Siglec-15 signal was still near the plasma membrane, after 45 min it became mostly perinuclear (Fig. 7B, right panel) , which is a typical lysosomal staining pattern (26) . This was confirmed by co-staining these cells for the lysosome marker LAMP-2. Indeed, at 45 min there was substantial co-localization of Siglec-15 and LAMP-2 in perinuclear regions, whereas at earlier time points, the staining patterns were clearly divergent (Fig. 7B ). RAW264.7-derived osteoclast cell-surface proteins were labeled with a disulfide-linked biotinylation reagent. Cells were then treated with a combination of primary (anti-Siglec-15 B02 or control IgG) antibodies (at 4°C) followed by secondary cross-linking antibodies (10 min at 37°C, lanes 5 and 6), or with primary antibody alone (10 min at 37°C, lanes 7 and 8). Control cells were incubated with B02, control IgG, or no antibody at 4°C (lanes 1-3) without a 37°C chase. After these antibody treatments, remaining cell-surface biotin was stripped with a reducing agent; for one sample, as an additional control (lane 4), this stripping step was omitted. Internalized, biotinylated proteins were collected from cell lysates by streptavidin immunoprecipitation, and Siglec-15 was detected by Western blotting. B, characterization of Siglec-15 endocytosis by confocal microscopy. RAW264.7-derived osteoclasts were cold-loaded with Siglec-15 antibody and either fixed immediately (No chase) or incubated in fresh, warm media for 10 or 45 min prior to fixation. Cells were then permeablized and stained with anti-LAMP2 and anti-human IgG (to detect internalized Siglec-15). C, Siglec-15 protein levels decrease rapidly following antibody treatment. Differentiated RAW264.7-derived osteoclasts were treated for the indicated times with anti-Siglec-15 or a control human IgG. Protein lysates were analyzed by Western blotting with the indicated antibodies. D, RAW264.7 differentiated in the presence of Siglec-15 antibodies show decreased Siglec-15 protein levels. Protein lysates of RAW264.7 cells, either non-differentiated (Ϫ RANKL) or differentiated (ϩ RANKL) in media with or without anti-Siglec-15 were analyzed by Western blotting with the indicated antibodies. MARCH 7, 2014 • VOLUME 289 • NUMBER 10
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Lysosomes are principal sites of receptor degradation following endocytosis. To determine whether this is the fate of Siglec-15, we treated RAW264.7-derived osteoclasts with antibodies over a prolonged time course and analyzed total protein extracts by Western blotting. As shown in Fig. 7C , there was a clear decrease in Siglec-15 protein levels beginning within 3 h of addition of anti-Siglec-15 (lanes 4 and 6) . In contrast, exposure of the osteoclasts with a control IgG did not cause this reduction in signal (Fig. 7C, lanes 5 and 7) . Notably, a similar reduction in Siglec-15 protein levels was detected in RAW264.7 cells differentiated with RANKL (for 4 days) in the presence of anti-Siglec-15 (Fig. 7D) . Together, these results demonstrated that bivalent anti-Siglec-15 antibodies induce rapid internalization of the receptor, which is then targeted to lysosomes for degradation.
Monovalent Anti-Siglec-15 B02 Fab Has Reduced Ability to Induce Siglec-15 Degradation and Inhibit Osteoclast Differentiation-To evaluate receptor degradation as a potential mechanism of action of our monoclonal antibodies, we compared the activities of anti-Siglec-15 IgG to a corresponding Fab fragment. Fabs are monovalent and should not induce dimerization, which we suspected might be required for receptor down-regulation induced by the intact IgG. Fab fragments were generated from antibody B02 by ficin digestion. By ELISA, we found that the monovalent fragments retained an ability to bind Siglec-15 that was very similar to the full IgG (data not shown). Similarly, like the intact antibody, the Fab was able to bind Siglec-15 on the surface of transfected cells as detected by flow cytometry (Fig.  8A) . In contrast, when applied to RAW264.7-derived osteoclasts, the B02 Fab induced degradation of Siglec-15 to a lesser extent than the full IgG (Fig. 8B) . Furthermore, the ability of the B02 Fab to inhibit osteoclast differentiation was reduced relative to the full antibody (Fig. 8C) . These results provided a functional link between the effect of Siglec-15 antibodies on osteoclastogenesis and their ability to induce receptor dimerization and endocytic down-regulation.
DISCUSSION
In this article, we confirm the functional importance of Siglec-15 in the differentiation and activity of osteoclasts, and we address the molecular mechanism underlying the inhibitory activity of monoclonal antibodies against this protein. Our results suggest that the specificity of Siglec-15 expression could make it an ideal target in terms of avoiding non-osteoclastassociated secondary effects of current therapeutics. Although Siglec-15 protein is highly up-regulated during osteoclast differentiation both in RAW264.7 and primary human cells as demonstrated by Western blotting and immunofluorescence, the protein is undetectable in non-differentiated cells. Similarly, by flow cytometry, we were unable to detect any substantial Siglec-15-positive population of circulating hematopoietic cells in mouse bone marrow, spleen, or peripheral blood. 3 This is consistent with our earlier findings showing that Siglec-15 mRNA, with the exception of weak expression in lung, is absent from an extensive panel of normal human tissues (3).
In cultured osteoclast precursors, treatment with monoclonal antibodies against Siglec-15 inhibited formation of mature osteoclasts capable of resorbing mineralized substrate. Notably, HOPs induced to differentiate in the presence of anti-Siglec-15 still became TRAP-positive and eventually fused to form multinucleated cells, although their morphology was greatly altered relative to normal human osteoclasts. These results indicate that Siglec-15 antibodies affect osteoclast differentiation at a late stage.
Very recently, following completion of the current study, two groups have independently generated full-body siglec-15 Ϫ/Ϫ mice (27, 28) . These mice are viable and healthy and display a mildly osteopetrotic phenotype. Notably, one of these groups found no significant change in osteoclast numbers in the null mice, whereas the other reported a modest decrease in the same parameter. In our in vivo experiments, we found that treatment of young mice for a short period of time with Siglec-15 antibodies led to a significant increase in osteoclast numbers. Several studies have found that other treatments that affect osteoclast activity lead to an accumulation of non-resorbing osteoclasts in bone (29) . Based on the effects of Siglec-15 antibodies on osteoclast differentiation in vitro and on BMD and serum TRAP levels in vivo, we strongly suspect that the osteoclasts present in the treated mice have reduced activity.
Because of the importance of osteoclast-derived factors in promoting osteoblast-dependent bone formation and the disruption of this coupling by currently approved antiresorptives (e.g. denosumab and bisphosphonates), the effect of Siglec-15targeted therapies on bone formation is of great interest. Our examination of bone alkaline phosphatase staining in histological sections from Siglec-15 antibody-treated mice indicated that osteoblast activity is significantly increased. Likewise, the null mice generated by Hiruma et al. (27) displayed unchanged or moderately increased levels of osteocalcin, a bone formation biomarker. Kameda et al. (28) examined bone formation in their null mice by dynamic histomorphometry; notably, the mineral apposition rate was not affected in the secondary spongiosa and moderately decreased in the primary spongiosa of the null mice. Together, these results demonstrate that targeting osteoclasts via Siglec-15 does not lead to a dramatic decrease in bone formation, as typically observed with other anti-resorptive agents. It will be interesting to confirm in future studies whether the osteoclasts that are formed upon treatment with Siglec-15 antibodies continue to secrete factors that support osteoblasts.
Our results provide confirmation that Siglec-15 and DAP12 form a complex at endogenous expression levels in osteoclasts. Interestingly, mutations in DAP12 can cause a human condition, Nasu-Hakola disease, whose symptoms include bone lesions (30) ; in addition, DAP12-deficient mice exhibit osteopetrosis (31) . An outstanding issue is why, despite the expression of DAP12 and its associated receptors in a range of hematopoietic cell types, DAP12 deficiency has such a prominent effect on bone (32) . Our finding that targeting Siglec-15 has a similar impact on osteoclast function as DAP12 deficiency indicates that this highly osteoclast-specific complex is likely an important mediator of the physiological effects of DAP12.
Considering the ability of DAP12 to mediate activation of multiple signaling pathways in different cellular contexts, the specificity of its effects downstream of Siglec-15 is remarkable. In particular, whereas DAP12 is tyrosine phosphorylated in response to Siglec-15 cross-linking and this is likely responsible for the concomitant activation of Akt, there is no effect on two other DAP12-associated signaling molecules, ERK and PLC␥. The p85 subunit of PI3K can be directly recruited to the DAP12 ITAM along with the kinase Syk, which is likely responsible for the robust activation of Akt that we detected (12) . Syk and p85 are also capable of recruiting and activating ERK and PLC␥ either directly or indirectly through scaffolding proteins LAT and NTAL, but this does not seem to occur in response to Siglec-15 clustering. The absence of PLC␥ activation was surprising considering previous reports of the importance of a DAP12-dependent PLC␥ costimulatory signal for the RANKLinduced up-regulation of NFATc1, a transcription factor that controls expression of numerous osteoclast-specific genes (33) . Based on our results, we suspect that another DAP12-associated receptor, such as TREM2 (23), may be responsible for PLC␥ activation and NFATc1 up-regulation early during osteoclast differentiation, whereas Siglec-15 may play a distinct role at a later stage, perhaps promoting osteoclast precursor fusion or functional maturation.
Following completion of the current study, Ishida-Kitagawa et al. (6) published a detailed analysis of the structural elements of Siglec-15 required for osteoclastogenesis. The authors knocked down Siglec-15 expression in mouse bone marrowderived macrophages, impairing their ability to differentiate into osteoclasts, and attempted to rescue this defect with various Siglec-15 mutants. As we suspected, a form of Siglec-15 lacking the DAP12-interacting transmembrane lysine residue was unable to rescue the defect like the WT protein. Interestingly, a fusion protein consisting of the extracellular and transmembrane domains of Siglec-15 and the cytoplasmic domain of DAP12 could restore osteoclast differentiation in this model, and this was dependent on tyrosine residues in the DAP12 ITAM motif. The authors also found that upon induction of DAP12 tyrosine phosphorylation by vitronectin stimulation, a complex containing Syk and Siglec-15 could be detected. These results support our hypothesis that Syk associates with Siglec-15 through DAP12 and contributes to downstream signaling, in particular the activation of Akt, and that this is important for osteoclastogenesis.
The activation of receptors at the cell surface and their endocytic down-regulation are often coupled as a means of limiting the intensity and duration of signaling. However, for Siglec-15, it seems that signaling and endocytosis occur exclusively of one another, depending on whether antibody ligation induces receptor clustering or simply dimerization. It is noteworthy that for other receptors that associate with DAP12 or the closely related adapter protein FcR␥, the avidity of the ligandreceptor interaction has been demonstrated to dictate signaling output: high-avidity ligands activate ITAM signaling (ERK, Akt, etc.), whereas low-avidity ligands promote recruitment of phosphatases that can inhibit these pathways (12) . Our results suggest that another mechanism by which low-avidity ligands may inhibit receptor signaling is by promoting their endocytosis and lysosomal degradation.
Although its natural ligand is unknown, Siglec-15 has a preference for binding Neu5Ac␣2-6GalNAc glycans (14) . Interestingly, formation of this type of glycan linkage is specifically important for osteoclast precursor fusion (34) . We suspect that the Siglec-15 ligand is expressed on osteoclasts themselves, especially because Siglec-15 antibodies are effective in clonal RAW264.7 cultures, which lack any stromal cells or osteoblasts, which certainly do express other osteoclast-stimulatory factors (35) . Notably, antibodies E09 and B02 do not seem to act by preventing Siglec-15-ligand binding: by ELISA, a polyclonal antibody can block binding of Siglec-15 to Neu5Ac␣2-6GalNAc, whereas E09 and B02 do not. 3 Instead, as outlined in Fig. 9 , our data imply an alternative mechanism of action in which the antibodies induce Siglec-15 dimerization, leading to its endocytic down-regulation and degradation, thus indirectly preventing it from binding its ligand. The reduced activity of the B02 Fab fragment, which can still bind Siglec-15 but not promote its dimerization, further supports this hypothesis.
In summary, the present study contributes three important elements to our understanding of the biology of Siglec-15 and its usefulness as a therapeutic target. First, it provides further confirmation of the expression and functional importance of Siglec-15 in osteoclastogenesis. Second, our in vivo results demonstrate for the first time that Siglec-15 antibody can inhibit osteoclast activity in a physiological context and offer an exciting proof-of-principle for targeting Siglec-15 as a therapeutic strategy for bone loss. Finally, our analysis of Siglec-15dependent signaling and antibody-induced receptor internalization has elucidated its cellular function as well as the mechanism of action of Siglec-15-targeted antibodies.
The only currently approved antibody-based therapy for bone loss is denosumab, which targets the cytokine RANKL. Although its importance for osteoclastogenesis is unquestionable, RANKL exists in both membrane-associated and circulating forms that can affect a variety of tissue types and immune cells in addition to osteoclasts (36) . In comparison, Siglec-15 is an osteoclast-intrinsic receptor with a highly restricted expression pattern, making it a favorable target with regards to specificity. It is also notable that although existing osteoclast-targeted therapies induce osteoclast cell death (bisphosphonates, (37)) or prevent their differentiation at an early stage (denosumab, (38)), Siglec-15 antibodies inhibit osteoclast differentiation at a relatively late stage. Thus, inhibiting Siglec-15 might preserve the coupled communication between osteoclasts and osteoblasts (35) . This could potentially result in a reduction in the rare but devastating side effects of current therapeutics, which include osteonecrosis of the jaw (39) , and atypical fractures of the femur (40) . Both the specificity of Siglec-15 expression in osteoclasts and the potential for Siglec-15 targeted therapies to preserve osteoblast-osteoclast coupling and bone formation are supported by the mildly osteopetrotic but otherwise normal phenotype of the recently described siglec-15 Ϫ/Ϫ mice (27, 28) . Although further studies will be helpful to fully characterize their in vivo effects, these characteristics suggest that Siglec-15 antibodies could have distinct advantages over 
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existing drugs, and therefore, we believe that continued development of this novel class of bone loss therapeutic is certainly warranted.
